PHYSICAL REVIEW B, VOLUME 65, 214417

Interfacial magnetism of fcc Fe and the effect of the oscillatory interlayer coupling
on the Ni magnetic properties in N/F&/Co/Cu(100
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Ni/Fe/Co/Cy100) system was studied using photoemission electron microscope. By analyzing element
specific domain images, we found that there exists oscillatory interlayer coupling between the Co and Ni layers
across the fcc Fe layer. With the thickness and temperature dependent studies, we found strong evidence that
the Fe layers at both the Fe/Co and Fe/Ni interfaces are ferromagnetically ordered in the 4—12 ML thickness
range, and that the ferromagnetically ordered layer at the Fe/Ni interface disappears as the temperature exceeds
the Curie temperature of the Ni layer. Moreover, the oscillatory interlayer coupling between the Co and Ni
layers results in an oscillation of the Ni layer Curie temperature.
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[. INTRODUCTION netic behavior similar to the Fe/CLO0) system despite a
higher magnetic Curie temperatufgd).*° This result shows
Metastable phase of face-centered-culiic) Fe has at- that the primary determining factor for the magnetic phase of
tracted a great interest in magnetism research, especially dt¢ Fe film is its lattice structure rather than its interfacial
ter the realization of fcc Fe thin fims on (100 electronic property. There is, however, a major difference

2 ) o _ between the Fe/GUO0) and Fe/C@L00) systems at the loca-
substraté:* The room-temperature grown fec Fe film is fer tion of the ferromagnetically ordered layer in the 5-12 ML

romagnetic below 4_ML, but changes into antlferromagnetlcmickness range. Oxygen absorption experinéifsuggest
plusg? ferromggnencally f“dered Ia.yer. between 5 and 1 at the ferromagnetically ordered layer of the Fe film is
ML.>" These rich magnetic phases indicate that the fcc Fycated at the Fe/Co interface, owning to the spin polariza-
film on Cu100 may just be at a magnetic instability point. tion or alloying of the Fe film with the ferromagnetic ¢9.
Band-structure calculation showthat fcc Fe has two energy On the other hand, photoemission dichroism experiment
minima in the range of 2.3-2.8 a.u. Wigner-Seitz radiusshows that the ferromagnetically ordered layer is at the sur-
(rws). The instability point between these two phases occuréace of the Fe film with nonferromagnetic layers
at ars of 2.66 a.u. Noting that the Wigner-Seitz radius is _underneatH.7 This contradiction prpmoted a number of _stud—
2.652 a.u. for bulk fcc Fe and 2.667 a.u. for Cu, it wasies recently on the ferromagnetically ordered layer in the
speculated that the observed rich magnetic phases in fcc FEF/C0/CU100 and Fe/Ni/C{l100 systems. By measuring

Cu(100 must be associated with the structural changes OF:(SN”i}aC%fSS rltjag?r?nerg(;e naer;g_gstitsn:(peeriatéjfggdg\(jging)ence n
the fcc Fe film. Indeed, structural analysis using Iow-energyS g g b '

. . . ; _ chirmer and Wuttig suggest that the fcc/Fe film is ferromag-
electron diffraction(LEED) and scanning tunneling micros- pegically ordered both at the surface and at the Fe/Ni inter-

copy shows characteristic surface reconstruction, interlaysfce in the 5-11 ML thickness randg&With magnetic di-
spacing, and local atomic distortion in different magneticchroism measurement, Dallmeyeet al. observed an
phases:” In particular, the ferromagnetic phase below 4 ML oscillatory behavior of the Fe magnetic signal in Fe/Co/
and the ferromagnetic surface ferromagnetically orderec€Cu(100) and Co/Fe/Co/Cd00) systems, suggesting a com-
layer in the 5—-11 ML range were identified to have a greateplicated antiferromagnetic structure of the fcc/Fe in the 5-11
interlayer spacing than the antiferromagnetic phagere a ML thickness rangé? A more detailed study on Fe/Ni bilay-
spin density wave may have been developdtheoretical ~€rs on C100) using MOKE provides further evidence at the
calculations, allowing structural relaxations, were also develinterfacial ferromagnetically ordered layer of the fcc Fe
oped accordingly to explain the observed magnetic phases &tm. ) o ,
the fcc Fe film<10 In most of the previous studies, information on the ferro-
To further clarify the structural and magnetic correlation, Magnetically ordered layer was obtained indirectly by ana-
experimental efforts have been made to grow Fe film orfyZing the macroscopic magnetic remanence. There is a lack
Cu(100) with different method? on substrates with different of d_|rect |n_format|on on the Fe. |nterfaC|aI. magnetism in com-
lattice constant&3 and on ferromagnetic fcc 100 or parison with the ferromagnetic Co or Ni layers at the inter-

Ni(100) that were epitaxially grown on GL00.* In the face. In this paper, we report results of a study of the Ni/Fe/

latter case, the fcc Fe should have similar structural properCO/Cl(loo) system using  photoemission __electron
‘ j ; i _ micr PEEM). With elemen ifi main imagin
ties as on C(L00) but different electronic interfacial proper- croscopel M. With element specific doma aging,

. e we show strong evidence that the Fe layers at both the Fe/Co
ties. It was found that the Fe/CD0 system exhibits a mag- 4nq Fe/Nj interfaces are ferromagnetically ordered in 4—12
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ML thickness range due to the direct spin polarization of the
Co and Ni layers. The magnetic order of the ferromagneti- (2) dp=2.5ML (b) dg=5.9ML
cally ordered layer at the Fe/Ni interface disappears once the
temperature exceeds the Curie temperature of the Ni layer.
Moreover, the oscillatory interlayer coupling between Co
and Ni results in an oscillation of the Ni layer Curie tempera-
ture.

(1) Co

Il. EXPERIMENT

A ~2 mm thick C{100 single crystal disk of 10 mm @) Fe
diameter was mechanically polished using Owi2b diamond
paste and finished with electropolishing. After ultrasonic
cleaning in acetone, the Cu crystal was introduced into an
ultrahigh vacuum(UHV) system of a base pressure -0f3
x 10 1° Torr. The Cu crystal was further cleaned in the
UHV chamber by cycles of Ar-ion sputtering at 2-5 keVand . 1. co and Fe magnetic domains of (CLi ML)/Fe/Cd10

a_nneal?ng at-600 °C. LEED, reflection high-energy electron ML)/Cu(100. The rows represer(®) Co and(2) Fe domains, and
diffraction (RHEED), and Auger electron spectroscopy Were the columns are fofa) dee=2.5 ML and (b) dee=5.9 ML.

applied to characterize the substrate. Co, Fe, and Ni were

35pum

evaporated from alumna crucibles heated with tungsten wires [ll. RESULTS AND DISCUSSION
onto the C@100) held at room temperature. The growth rate
(~1 ML/min) was measured with a quartz oscillator that was 1. Cu(11 MLYFe/Co(10 MLYCu(100)

calibrated by RHEED oscillations. A 10 ML fcc Co film was . . . . .
. ; We first studied the magnetic domains as a function of the
first grown on the C(100), followed by the Fe and Ni layers. Fe film thickness -0 without the top Ni layer. The mea-

The Fe and Ni films were grown into crossed wedges so that | o onts were taken at the room temperature. Figure 1

their thicknesses can be varied independently. The PreSSULE ows the magnetic domains of Co and Fe film with different

. : ) 10 )
dqnng the film growth rema|_ned b_elow><_310 Torr. De Fe thickness. Throughout the thickness range studied, we
tails on the sample preparation using this UHV system Wer%bserved magnetic domains in both Co and Fe films, and

reported in an earlier papet.After the Ni/Fe/Co/C(00 also found that the domain patterns of the Fe films are iden-

sqmple growth, another 11 ML Cu was grown on top of thetical to that of Co. The magnetization of Fe/Co(C01)
Ni to protect the sample from contamination.

H 15
The sample was then brought to the Advanced LightShOUId be in plane as measured byOKE ™ The result

. shows that magnetic ordering temperature of the Fe films on
tSocr)ur(;i%Avaa)s ?:arsieﬁavér?:tgethieg(é:zexﬂ t‘gg%%ﬂrﬁb&;]go is higher than room temperature, in agreement with the
% earlier resultd*® In particular, the appearance of the Fe

I|ne_ 7.3.1. A spherical grating monochro_matqr d(Eferrom""g'magnetic domains in the 4—12 ML region proves the exis-
netically ordered monochromatic radiation in the energ

Y, i -
range of 1701500 eV, which covers thp Bvels of most tence of the ferromagnetically ordered layer at room tem

e . : perature.
of the transition metals. The sample is placed in the mono- Figure 2 shows the asymmetry of the x-ray magnetic cir-

;:rhrrzrrtlﬁtlcnﬁozal %I?nn? c:f :hie mcuiiept x—rlay.tA ?a\fk uF;:;eamcular dichroism signal versus the Fe film thickness. The
0 € monochromator 1S Used o Select above p XMCD asymmetry was calculated using intensities from the

mrculgrly p_olarlze()l radiation. The 1.2 m long e_II|pt|caI ré-  white and dark areas of the magnetic domains.
focusing mirror reduces the horizontal source size of 260

(full width at half maximum FWHM to an image size of L white— | dark

~30 um (FWHM), while accepting 2.0 mrad from the I,ﬁﬁ. @
source in the horizontal direction. The photon flux-is3 white - dark

X 102 photons in a 30um spot when the storage ring is The XMCD asymmetries of both the; andL, edges were
operated at 1.9 GeV with a ring current of 400 mA. Thecalculated and were added together as the final asymmetry.
resolving power of the beamline B/AE=1800. The x-ray The background signals, determined from the intensities at
incident beam makes an angle of 60° from the sample surt5 eV below thd_; edge and 15 eV above the edge, were
face normal direction. The starting positions of the Fe and Nisubtracted from thé ; andL, intensities. As a comparison,
wedges were determined using the respectpe@re levels, thel, value from the 10 ML Co is also shown in Fig. 2. The
and magnetic domain images were constructed by taking theonstant , value of Co shows that the Fe thickness variation
ratio of images acquired at the; andL, edges utilizing the has no effect on the Co magnetic dichroism signal. For the
effect of x-ray magnetic circular dichroistXMCD). All do- Fe signal, the value dfy is higher below 4 ML of Fe due to
main images in this paper have the size o3 um. De-  the ferromagnetic phase in this thickness regime. Between 4
tails on the principle and operation of this PEEM can beand 12 ML, the value of 5 is significantly lower due to the
found in an earlier papét. formation of the antiferromagnetic phase, and this reduced
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- - - =1/ o+ 1/, cosh, where 6 is the x-ray incident angl&
e T Away from the resonancé,,> A\, so thatA~A.. Thus\c,

in Eq. (2) should depict the electron escape depth because
x-ray absorption by the Fe layer is negligible at the Co reso-
nance peak. Howevexg.in Eq.(2) should be a combination

of electron escape depth and the x-ray penetration depth.
Using Eq.(2), we fitted the Co and Fe intensitiesolid lines
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5t e Ffu.ickne?s(m-? in Fig. 3) and deduced the values ®pf,=6.7+0.3 ML and

of . . \'H\f”"“*- Npe=7.0£0.4 ML. The close value oX ¢, and g, indicates

0 3 6 9 12 that the x-ray saturation effect is insignificant in the thick-
Fe thickness (ML) ness range studied. Nevertheless, we will only tieats a

) . henomenological parameter in later di ions.
FIG. 2. XMCD asymmetry of the Co and Fe films in @ phenhomenological paramete ater discussions

ML )/Fe/Cq10 ML)/Cu(100) as a function of the Fe film thickness. Tr;]e asymmetry Sf the 10 '\rfL Cﬁ 'IS ”gt "l‘f'“e”@? by this
The dashed line is the guide to eyes. The inset is the zoom in of thgept attenuation because the whole Co layer Is ferromag-

Fe data in the 4—12 ML thickness range. The dotted and dashe@€tic SO that both e andl 4anc decay in the same way. For
lines in the inset are the fitting results with the ferromagneticallythe ferromagnetically ordered layer of the Fe film, however,
ordered layer located at the Fe/Cu and Fe/Co interfaces, respetie attenuation will have a significant effect on the asymme-
tively (see text The better fit of the dashed line suggests that thetry because only théerromagneticpart of the Fe film con-
ferromagnetically ordered layer is at the Fe/Co interface. tributes tol yhie— | gark While the both theferromagneticand

the nonferromagneticparts contribute tol yniet | gark- LEL
signal is from t??s ferromagnetically ordered layer in this|AO, dew, andzgy denote the asymmetry, the thickness, and
thickness rangé.' > Moreover, the Fe asymmetry decays ihe position of the ferromagnetically ordered layerg.,
with the Fe film thickness in the 4-12 ML regime. To un-,_ _ o or 4. corresponds to the ferromagnetically ordered
quer at the Fe/Cu or Fe/Co interface, respectivelyen the
asymmetry of the Fe in the ferromagnetically ordered layer
rggime should be

titative understanding of the magnetic dichroism signal.
To do the analysis, it is important to note that PEEM
measures the intensity of secondary electrons that have
finite attenuation distance. Figure 3 shows the averdged
edge intensities of the Co and Fe as a function of the Fe film
thicknesga background signal has been subtractédth an
exponential dependence of the secondary electron emission | ,
intensity, it is easy to show that the edge intensities of the

J exp—z/\)dz
M dem eXP(—2Zgm/N)

F
=0 e Nz AN T —exp — AN

Co(l¢o) and Fe(g should depend on the Fe film thickness Whole o
dre @s
—10 _
o™ o @R~ rofhc, Here we have assumety,,<\. Equation(3) shows that
lee=1271 de./ (@) the thickness dependence of the Fe asymmetry depends on
re=rd 1= X = dre/Aro) ] the location of the ferromagnetically ordered layer. The sta-

Herel2, is the Co signal without Fe layer, anf, is the Fe  tistics of our experimental data is not good enough to deter-

signal when the Fe thickness is infiniteis a phenomeno- Mine the value ofzgy precisely, but it is good enough to
logical parameter that results from the secondary electrofistinguish between the Fe/Cu mterfamal.ferromggnetlcally
escape depth, and the x-ray penetration depkfy. When ordered_ layer casezfy,=0) and the Fe/Co interfacial ferro-
considering the x-ray saturation effect, it was shown that Magnetically ordered layer casex(,;=drg). The dashed and
should be a combination of, and \, in a way of 1k dotted Im_es in the inset of Fig. 2 are the f|tt|ng resqlts using
Eq. (3) with zg,=0 andzgy=dg., respectively. Obviously,
the zpy = di. fits the experimental data better. Therefore the
case of a ferromagnetically ordered layer at the Fe/Co inter-
face agrees better with the experiment data than the case of a
ferromagnetically ordered layer at the Fe/Cu interface. We
believe that the ferromagnetically ordered layer is a result of
the direct spin polarization from the ferromagnetic Co. From
the fitting, we can also deduce the value Igfdry. We
Ap=7.0£04ML | found that thd oodry equals roughly the value of one mono-

; layer asymmetry in the ferromagnetic phask (<4 ML).
In other words, if the magnetic moment of the ferromagneti-
cally ordered layer has the same magnitude as that in the

FIG. 3. TheL edge intensities ofa) Co and(b) Fe versus the ferromagnetic phasedg.<4 ML), the ferromagnetically or-
Fe film thickness. The solid lines are the fitting results of &). dered layer consists only one atomic layggf,~1 ML.

(a) Co1

XMCPD intensity(arb. units)

F Agg=6.7+0.3ML

0 s 100 5 10
Fe thickness (ML)
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FIG. 4. Co, Ni, and Fe magnetic domains from (Cl ML)/ FIG. 5. Magnetic asymmetry of the films in Cid ML)/Ni(4.7
Ni(4.7 ML)/Fe/Cq10 ML)/Cu(100). The rows represerit) Co, (2) ML)/Fe/Cd10 ML)/Cu(100) as a function of the Fe film thickness.
Fe, and(3) Ni, and the columns are fa@@) dg.=2.2 ML, (b) dge Negative sign means an opposite domain color of the Fe film with
=4.8ML, (c) dee=8.1 ML, (d) dee=9.9 ML, () dre=11.4 ML, respect to the Co film. The dashed and dotted lines are the fitting
and (f) dge=14.0 ML. results(see texk

2. Cu(11 MLYNi(4.7 ML)/Fe/Co(10 MLYCu(100) Cu(100), is obviously caused by the Ni layer on top of the Fe

With the Ni layer on top of the Fe, we acquired domain film. Since the Fe at the Fe/Co interface is ferromagnetically
images of the Ni, Fe, and Co as a function of the Fe filmordered due to the polarization of the Co and its magnetiza-
th|cknesg(|:|g 4) The Ni magnet|zat|0n is in the p|ane of the tion is paraIIeI to that of Co, the 0pp05|te colors of the Fe and
film below 8 ML because the Fe/Ni interfacial magnetic an-Co domains in the AFC region suggest that the Ni top layer
isotropy favors in-plane magnetizati6hBelow 4 ML of Fe,  induces additional Fe magnetic moment with its direction
the domain patterns of the Ni, Fe, and Co films are identicalparallel to that of Ni(antiparallel to that of Cp In the FC
which is not surprising because the Fe film is ferromagnetigegion, the Fe domain contrast is greater than that of the
so that all these three layers should be coupled ferromagnetire/Co/C\(100), also suggesting that the Ni top layer induces
cally. Between 4 and 12 ML of the Fe, the Ni and Co domainadditional Fe magnetic moment in the same direction as that
patterns have the same shape but their corresponding colao$ the Ni magnetization. Therefore, we conclude that in ad-
(white or dark alternate with the Fe film thickness. For ex- dition to the Fe/Co interfacial ferromagnetically ordered
ample, the Ni and Co domains have the opposite colors dayer, the Ni top layer also induces Fe magnetic moment in
dre=4.8 ML but the same color ate,=8.1 ML, indicating the direction of the Ni magnetization in the 4-12 ML Fe
the antiparallel and the parallel alignment of the Ni and Cothickness range. We believe that this additional moment is
magnetizations, respectively. This result clearly reveals théocated at the Fe/Ni interface due to the Ni spin polarization,
oscillatory magnetic interlayer coupling between the Ni andthe same as the ferromagnetically ordered layer at the Fe/Co
Co films across the Fe layer. The separation between the twiaterface. Then it is easy to understand qualitatively the con-
antiferromagnetic coupling peaksis6 ML of Fe, which is  trast change of the Fe domains as a function of the interlayer
very close to the value of the long-periodicity observed incoupling: the two interfacial ferromagnetically ordered lay-
other transition-metal spacer layéfsThe transition between ers at the Fe/Ni and Fe/Co interfaces add or subtract for the
the ferromagnetic coupling=C) and the antiferromagnetic FC or AFC case resulting in the stronger and weaker mag-
coupling (AFC) is very sharp as shown in Fig(3d). More-  netic contrasts of the Fe domains. Then the interesting ques-
over, the magnitude of the Co and Ni asymmetry remaingion is why the Fe domain contrast does not vanish in the
unchanged, showing that the Co and Ni magnetization direcAFC region, but instead follows the color of the Ni domains?
tions do not rotate within the film plan@xcept within the The residual Fe signal in the AFC region could be due to a
domain boundaryas the Fe film thickness increases. There-greater Fe moment at the Fe/Ni interface than at the Fe/Co
fore, the Co and Ni magnetizations should have a collineamterface, but we think this is unlikely because Co has a
alignment. greater magnetic moment and a higlgrthan Ni. An alter-

We now turn our attention to the Fe magnetic domainsnative explanation is that the Fe magnetic moments at the
(Fig. 4). Similar to the domain images of the Cu/Fe/Co/ Fe/Ni and Fe/Co interfaces have the same magnitude but
Cu(100), the Fe domain contrast is much greater below 4 MLcontribute differently to the domain contrast due to the finite
due to the ferromagnetic phase. Between 4-12 ML the Fattenuation distance of the secondary electrons. To perform a
domain color and contrast exhibit very interesting behaviolquantitative analysis, we analyzed the Fe XMCD asymmetry
as a function of the interlayer coupling. For FC where the Nias a function of the Fe film thickne$Big. 5 with the sign
and Co domains have the same color, the Fe domain followdefined by the Co signal, i.e., the positive and negative val-
their color. For AFC where the Ni and Co have oppositeues in Fig. 5 represent the same and opposite colors of the Fe
colors, the Fe domain follows the color of Ni as opposed toand Co domains in the FC and AFC regions, respectively. If
the color of Co and also exhibits weaker contrast than the F@ve assume that the Fe film at both Fe/Ni and Fe/Co inter-
case. This new behavior, as compared with that in the Fe/Cdaces have 1 ML ferromagnetically ordered layer, we can
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calculate the total Fe asymmetry by applying E).at both

Fe/Ni and Fe/Co interfaces, @)y 3. 0ML{ () ZIML. | () L2ML

A= lrescot I Ferni (1) Co
Al 1 5% “Cexp — dre/N) + 158N

N 1—exp —de/N)] for FC, (4)
I A=1Feico I Fe/ni (2) Fe
denl 16 “Pexpl — dee/N) — 15 o ARG, (8
T N l-expg—de/N)] or AFC. (5)
The values ofl ¥“°and I 5*N' were assumed to be different @) Ni

to take into account the possible different Fe magnetic mo-
ments at these two interfaces. From FigliF “°was deter-

mined to be the same as 1 ML ferromagnetic Fe signal, then
the total Fe asymmetry for the FC and the AFC can be fitted
using Egs.(4) and(5) with 15N as a fitting parameter. The FIG. 6. Magnetic domains oft) Co, (2) Fe, and() Ni from

fitting result (Fig. 5 agrees reasonably well to the experi- Cu(11l ML)/Ni/Ee(5.0 ML)/Co(10 ML)/Cu(100) at different Ni
mental data. The value of*"' was found to be~81% of  ickness ofia) 3.0, (b) 2.1, and(c) 1.2 ML.

15¢/°. The lower value of §*™ could be due to a weaker Fe
magnetic moment at the Fe/Ni interface, or due to the Curi
temperature effeqtsee following section

35pum

Setic order, i.e., thél ¢ of the Ni layer at this thickness is
below the room temperature. The Fe film in this situation
changes its domain color to follow the color of the Co film
[Fig. 6(20)], confirming our speculation that the Fe signal in
To further confirm the Fe interfacial ferromagnetically or- this situation should come from the Fe layer at Fe/Co inter-
dered layer, we studied the magnetic domains with differenface. In addition, the greater contrast in Fig2€ than in
Ni magnetic states. If the Fe ferromagnetically ordered layeFig. 6(2a) also supports the assumption of the magnetically
is due to the direct spin polarization of the ferromagneticordered interfacial layer, because the signal in Fi@ch
layer, the loss of the Ni ferromagnetic order will trigger the comes from the Fe/Co interface only, while the signal in Fig.
loss of the magnetic order of the Fe layer at the Fe/Ni inter6(2a) comes from Fe/Ni and Fe/Co interfaces whose magne-
face, leaving only the ferromagnetically ordered layer at theizations are antiparallely aligned. Before the Ni layer loses
Fe/Co interface. From the preceding section, we know thaits magnetic order with decreasing its film thickness, the
when the Ni and Co layers are antiferromagneticallyweakened Ni magnetic moment also decreases the Fe layer
coupled, the magnetizations of the Fe layers at the Fe/Ni anthagnetization at the Fe/Ni interface. Then at a critical Ni
Fe/Co interfaces are aligned antiparallel and the net color ahickness, the Fe XMCD signal from the Fe/Ni interface
the Fe domains follows that of Ni due to the effect of theshould just balance out the Fe XMCD signal from the Fe/Co
electron escape depth. If the magnetic order of the Fe layer &tterface to result in a zero contrast of the Fe domains. This
the Fe/Ni interface disappears together with the magnetiphenomenon was indeed observed in the experiment where
order of Ni layer, the Fe domains will only come from the we observed both Co and Ni domai&gs. 61b) and &3b)]
layer at the Fe/Co interface so that the Fe domains shouldut not the Fe domaing=ig. 6(2b)].
switch its color from the color of Ni to the color of Co. We also did the experiment on the same location of the
Therefore, a study of the Fe domain color below and abovgample(dy;=3.1 ML anddg.=4.9 ML) by varying the tem-
the Curie temperatureT¢) of the Ni layer should further perature of the film. Again the Fe film thickness was chosen
identify the interfacial nature of the ferromagnetically or- to produce the AFC between the Ni and Co layers. At room
dered layer. There are two ways to destroy the ferromagnetiemperature, both Ni and Co magnetic domains exist with
order of the Ni layer: reducing the Ni thickness or increasingopposite colorgFigs. 11a and 713a)] and the Fe magnetic
the sample temperature. We performed both experiments. domains[Fig. 7(2a)] follow the color of Ni (opposite to the
We first discuss the results obtained by varying the Nicolor of Co. As the temperature increases to 110 °C, the Ni
thickness at room temperature. Figure 6 shows the Co, Nglomain contrast is weakened due to the decrease of its mag-
and Fe magnetic domains at different Ni thickness. The Faetization. The Fe image at this temperature completely loses
film thickness @.=5.0 ML) was chosen to produce AFC its domain contrasfFig. 7(2b)], showing the balance of the
between the Ni and the Co layers. For thicker Ni, magnetidce XMCD signals from the Fe/Ni and Fe/Co interfaces. As
order exists in the Ni layer as evidenced by the Ni magneti¢che temperature increases further to 160 °C, the magnetic do-
domaing[Fig. 6(3a)]. The Fe magnetic domai&ig. 6(23)] mains of the Ni layer vanishFig. 7(3c)], showing that the
in this situation follow the color of N{opposite to the color temperature is higher thah. of the Ni layer. The Fe mag-
of Co). For thinner Ni, the magnetic domains of the Ni layer netic domains appear at this temperat{iFéy. 7(2c)] but
vanish[Fig. 6(3c)], showing that the Ni layer loses its mag- changed their color to that of the Co film. When the sample

3. Magnetic order of the Fe layer at the FHNli interface
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FIG. 8. The Ni critical thicknessdc) versus the Fe film thick-
35um ness.dc is defined as the thickness at which the Ni magnetic do-
mains lose contrast at room temperature. The vertical dashed lines
FIG. 7. Magnetic domains ofl) Co, (2) Fe, and(3) Ni from  show the boundaries between the AFC and FC regions. The hori-
Cu(11 ML)/Ni(3.1 ML)/Fe(4.9 ML)/Co(10 ML)/Cu(100) at differ-  zontal dashed line is the guide to eyes.
ent temperatures d@f) 40 °C, (b) 110 °C,(c) 160 °C, and(d) cool-
ing back to 40 °C after heating. Ni layer T due to the interlayer coupling. Therefore, the
result of Fig. 8 proves the existence of the oscillatdpyas
is cooled back to room temperature, all Co, Fe, and Ni doa function of the interlayer coupling. Ttd is reduced by
mains recover their original shapes and coldfigs. 11d), = maximum~1 ML. Recalling that th ¢ of Ni film increases
7(2d), and 73d)]. This temperature dependent experimentwith film thickness at a rate 0of-30 K/ML,?* we estimate
further supports our speculation that the Fe at both Fe/Ni anthat T in our experiment is enhanced by maximur30 K.
Fe/Co interfaces are ferromagnetically ordered and the Fe As mentioned earlier, th&: oscillations as a function of
ferromagnetically ordered layer at the Fe/Ni interface losespacer layer thickness was already observed in Co/Cu/Ni/

its magnetic order together with the Ni layer. Cu(100 system and was attributed to the interlayer
coupling?® However, the T enhancement is negligibly
4. Oscillations of the Ni layer Curie temperature small above 5 ML Cu. In another system of Cu/Fe/i0),

the T of the fcc-Fe film was also found to depend on the Cu
capping layer thickness nonmonotonic&flyand this effect
was explained in terms of the oscillatory character of the
Ruderman-Kittel-Kasuya-Yosida exchange interaction in
inerant ferromagnet$. The FeT. of this system oscillates
rather fast with the Cu capping layer thickness, and can be
either enhanced or reduced. In our work, the of the Ni
layer oscillates throughout the fcc Fe thickness raftgel3
ML), and is enhanced in both AFC and FC regions. It is
. ' : unclear at this moment whether tAg oscillations in our
Co/CU100 system as a function of the Fe film thlckness.system have the same physical origin as the works in Refs.

Instead of measuring thg; at fixed Ni thickness, which is 24 and 25. For interlayer coupling, the coupling energy is
very time consuming, we measured at room temperature the

Ni critical thickness €lc) at which the magnetic long-range USu@lly written 8 coypiing= —IMni-Mco, wheredis the in-
order disappears. In this way, the dependence of the Ni layderlayer coupling constant andc, andMy; are the magne-
Tc on the Fe spacer layer thickness is manifested by th&ézation vectors of Co and Ni layers. To a certain extent, the
dependence of the Ni layer critical thicknesk.f on the Fe  effect of the interlayer coupling can be viewed as an equiva-
spacer layer thickness, i.e., an enhancement of the Ni layéent magnetic fieldH=—JMc, applied to the Ni layer. A
T¢ corresponding to a reduction of the Ni critical thickness.magnetic field can induce magnetization in a paramagnetic
In the experiment, we define the Ni layer critical thicknessstate. Thus the oscillatory interlayer couplihgs expected to
(d¢) as the thickness at which the Ni magnetic domaingesult in an oscillatoryT -, and this enhancement should not
disappear. This definition gives the thickness of a Ni flmdepend on the sign of the couplif§C or AFQ. The T¢
whoseT¢ is room temperature. enhancement clue to this mechanism was implied by the Ni/
Figure 8 shows the experimental result of the Ni layerCu/Co/Cy100 system where the enhancementTef was
critical thickness as a function of the Fe film thickness. Thefound to scale with the interlayer coupling strengtihen
dc clearly oscillates with increasing Fe film thickness. At thethe interesting issue is why thig. enhancement can be ob-
boundary between FC and AFC, where the interlayer couserved in our system up to 13 ML of the Fe spacer layer
pling between the Ni and Co is zero, the Ni critical thicknesswhere it was observed in Ni/Cu/Co/Ci00 system only be-
is about 2.2 ML. In the FC and AFC region, the critical low 5 ML of Cu. This difference could be either due to the
thickness become thinner, indicating an enhancement of theauch stronger interlayer coupling produced by the Fe than

Long-range magnetic order in ferromagnetic thin films is
an interesting topic in low-dimensional magnetism. The Cu-
rie temperature of a ferromagnetic thin film is usually lower
than the corresponding bulk value due to the reduced dimen
sionallity. For the case of Ni thin films, a recent sttftishows
that the T follows a scaling law depending on the film
thickness. For coupled sandwich@g, oscillations were ob-
served in Co/Cu/Ni/C.00 system in the 2—-4.5 ML Cu
thickness rang& We studied the Ni layeT¢ in the Ni/Fe/
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the Cu spacer layer or due to the antiferromagnetic nature ahagnetically ordered in the 4—12 ML thickness range due to
the fcc Fe. A temperature dependent measurement below thiee direction spin polarization of the Co and Ni layers. The
Neel temperature of the fcc Fe may help to resolve this issuemagnetic order of the layer at the Fe/Ni interface disappears
It will be a future project once the low-temperature measureonce the temperature exceeds the Curie temperature of the Ni
ment becomes available at the PEEM beamline of the ALSlayer. The oscillatory interlayer coupling between Co and Ni
layers was found to result in an oscillation of the Ni layer
V. CONCLUSION Curie temperature.

Using the PEEM to do element specific domain imaging,
we confirmed that there exists a ferromagnetic Fe ferromag-
netically ordered layer in the 4—12 ML thickness range at the This work was funded in part by the National Science
Fel/Co interface in the Cu/Fe/Co/Qu00) system. In Cu/Ni/ Foundation under Contract No. DMR-0110034, the U.S. De-
Fe/Co/Cyl00 system, there exists oscillatory interlayer partment of Energy under Contract No. DE-ACO03-
coupling between Co and Ni layers across the Fe spacét6SF00098, the ICQS of Chinese Academy of Science, and
layer. The Fe at both Fe/Co and Fe/Ni interfaces are ferrothe Chinese National Science Foundation.
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